Kinetoplastids are an ancestral group of protists that contains free-living species and parasites with distinct mechanisms in response to stress. Here, we compared genes involved in antioxidant defense (AD), proposing an evolution model among trypanosomatids. All genes were identified in Bodo saltans, suggesting that AD mechanisms have evolved prior to adaptation for parasitic lifestyles. While most of the monoxenous and dixenous parasites revealed minor differences from B. saltans, the endosymbiont-bearing species have an increased number of genes. The absence of these genes was mainly observed in the extracellular parasites of the genera Phytomonas and Trypanosoma. In trypanosomes, a distinction was observed between stercorarian and salivarian parasites, except for Trypanosoma rangeli. Our analyses indicate that the variability of AD among trypanosomatids at the genomic level is not solely due to the geographical isolation, being mainly related to specific adaptations of their distinct biological cycles within insect vectors and to a parasitism of a wide range of hosts.
Introduction
The class Kinetoplastea composes an ancestral group of protists that includes free-living species as well as parasitic species of invertebrates, vertebrates, and plants. The subclass Metakinetoplastina comprises the following four orders: Eubodonida, Neobodonida, Parabodonida, and Trypanosomatida. The first three orders are named as bodonids and contain both free-living and parasitic species. The order Trypanosomatida exclusively contains species with a parasitic lifestyle, including (1) dixenous genera of vertebrate parasites such as Endotrypanum and important human pathogens such as Leishmania and Trypanosoma; (2) dixenous parasites of plants such as Phytomonas; and (3) monoxenous parasites of insects represented by various genera such as Strigomonas, Crithidia, Herpetomonas, Leptomonas, and Angomonas. [1] [2] [3] [4] [5] Phylogenetic analyses reinforce the late emergence of trypanosomatids as a sister group of the Eubodonida, 6 which includes Bodo saltans, a free-living protist found worldwide in marine and freshwater habitats.
The ability of human-infective trypanosomatids (Trypanosoma cruzi, Trypanosoma brucei, and Leishmania spp.) to infect and multiply within mammalian hosts as well as to avoid the host's immune system is directly associated with the success of the parasite in establishing the infection. [7] [8] [9] Besides continuous exposure to oxidative environments during their life cycles within mammalian hosts and triatomine vectors, these parasites also produce reactive oxygen species (ROS) and reactive nitrogen species (RNS) via their aerobic metabolism. 10, 11 It is, thus, essential for these parasites to maintain a repertoire of genes coding for proteins involved in antioxidant defense (AD) mechanisms that play a central role for parasite survival. At the same time, these proteins are promising targets for the development of therapeutic drugs, since the majority of the enzymes involved are unique or distinct from the mammalian host orthologs when they exist. [12] [13] [14] Although the mechanisms responsible for trypanosomatid resistance to reducing environments are well studied, the functional and structural characterization of the components of redox metabolism in the nonpathogenic and mammalian pathogenic species is still incomplete. 15 For most of the eukaryotic organisms, catalase and selenium-dependent glutathione peroxidase are major components of the defense mechanisms against cellular damage induced
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by the imbalance between reactive species and detoxification enzymes. 16 However, trypanosomatids lack such enzymes and their antioxidant machinery is based on the reduced form of the thiol trypanothione. 7, [17] [18] [19] In response to ROS and/or RNS, the maintenance of a reducing environment by trypanothione is supported by action of other important enzymes such as iron superoxide dismutase (SOD), 20, 21 non-selenium dependent glutathione peroxidase. (GPx), 22, 23 tryparedoxin peroxidase (TrPx), [24] [25] [26] [27] ascorbate peroxidase (APx), 25, 28 and trypanothione reductase (TR), 29, 30 which is responsible for the reduced and active form of trypanothione.
Considering the evolutionary and biological differences among the trypanosomatids and the availability of genomic sequence data from diverse parasitic and nonparasitic species, we have performed a comparative in silico characterization of the trypanosomatid enzymes involved in the response to oxidative (ROS) and nitrosative (RNS) stress, and we propose a model for the evolution of this mechanism based on lifestyle and transmission way.
Methods
Genes related to the Ad machinery. Due to the central role of trypanothione in the AD machinery of trypanosomatids, all genes coding for the enzymes involved in the synthesis of this thiol and in the synthesis of its precursors as well as in enzymatic reactions related to trypanothione activity were targeted in this study. A total of 15 genes were selected, which belong to the following pathways: (1) Comparative analysis procedure was performed using Trypanosoma rangeli genomic and transcriptomic sequences available at GenBank, TriTrypDB, 31 and local datasets. Sequences for SAT, CS, ODC, GspS, APx, and GPx-C were not identified in T. rangeli data or were present as pseudogenes. In these cases, sequences from Leishmania major and T. cruzi were used for the comparisons. Manual curation was performed confirming the ROS/RNS-related proteins by BlastP analysis using the UniProtKB/Swiss-Prot database (cutoff e-value 1e−10).
Then, homologous genes from T. cruzi CL-Brener (Esmeraldo and non-Esmeraldo haplotypes), 32 Trypanosoma cruzi marinkellei B7, 33 T. brucei TREU927, 34 Trypanosoma grayi ANR4, 35 Trypanosoma evansi STIB805, 36 Trypanosoma vivax Y486, 37 Leishmania infantum clone JPCM5 (MCAN/ES/98/ LLM-877), 38 L. major Friedlin, 39 Leishmania tarentolae ParrotTarII, 40 Leishmania braziliensis MHOM/BR/75/M2903, Crithidia fasciculata Cf-C1, Angomonas deanei ATCC 30255, 41 Strigomonas culicis ATCC 30268, 41 Endotrypanum monterogeii LV88, Leptomonas seymouri ATCC 30220, 42 Phytomonas spp. EM1, 43 and B. saltans 44 were searched online using BlastP (cutoff e-value 1e−5 and .35% identity) at TriTrypDB (http:// tritrypdb.org/tritrypdb) or Genbank (http://www.ncbi.nlm. nih.gov/genbank/) (Supplementary File 1) . The databases include the available genomic data of the selected species and can be modified after updates. The orthologs and paralogs were mapped online with OrthoMCL-DB v5 45 (http://orthomcl. org/orthomcl/home.do), using the default parameters (BlastP, cutoff of 1e-5 and 50% match) and using the ortholog and paralog tables generated to all datasets included in TriTrypDB. Gene copy numbers were determined after ortholog determination using OrthoMCL-DB. Functional characterization and conserved domains were analyzed in all sequences using the Conserved Domains Search Service (NCBI), InterPro (EMBL-EBI), and Prosite (ExPASy) software.
In silico characterization of ros/rNs-related proteins. Gene features were predicted using the ExPASy tools (http://expasy.org), while molecular mass and theoretical pI of the predicted proteins based on the amino acid sequences were predicted using the ProtParam software.
The putative signal peptides and cleavage sites were predicted using SignalP software, 46 Phobius software, 47 PrediSi software, 48 and iPSORT software, 49 based on eukaryote models and using default parameters. Only the signal peptide predicted by two programs was considered as valid. Cellular localization was predicted by iPSORT, 49 TargetP, 50 MitoProt, 51 and ESLPred2 52 using default parameters and nonplant or eukaryote prediction models. Subcellular localization equally predicted by at least two methods was considered as valid.
Phylogenetic analysis of Ad machinery. The predicted amino acid sequence alignments of target genes were carried out online using Clustal Omega (http://www.ebi.ac.uk/ Tools/msa/clustalo/) (Supplementary File 2) . 53 Evolutionary analyses and phylogenetic trees were constructed using MEGA 6.0. 54 The alignment of each gene dataset was submitted to the search of best protein model using MEGA 6.0, and the model with the lowest Bayesian Information Criterion score was considered to describe the substitution pattern. The evolutionary history was inferred by using the Maximum Likelihood method based on the Le_Gascuel_2008 model. 55 For all analyses, the tree with the highest log-likelihood was showed. The bootstrap test (1000 replicates) was applied, and percentage of trees in which the associated taxa clustered together (above 80%) is shown next to the branches. Initial trees for the heuristic search were obtained automatically by applying Neighbor Joining and BioNJ algorithms to a matrix of pairwise distances estimated using the selected models, and then selecting the topology with superior log-likelihood value. A discrete gamma distribution was used to model evolutionary rate differences among sites (five categories), and all sites were used in analyses. Trees are drawn to scale, with branch lengths measured in the number of substitutions per site.
results and discussion trypanothione precursors. Cysteine and GSH biosynthesis. Besides the involvement of cysteine in several biological processes due to the ability to undergo redox reactions, l-cysteine forms the basic building block of all thiol antioxidants, acting as a direct antioxidant and also as a precursor for the biosynthesis of GSH, trypanothione, or ovothiol. Cysteine is a key molecule in the AD of important protozoan parasite species such as Entamoeba, Giardia, and Trichomonas. 17 In kinetoplastid parasites, cysteine is a precursor of GSH, which ultimately generates the major antioxidant molecule, trypanothione.
Two distinct cysteine biosynthesis pathways are shared among eukaryotes; both composed of the following twostep reactions: the de novo or assimilatory pathway and the reverse transsulfuration pathway. Reverse transsulfuration has been demonstrated in fungi and mammals where cysteine is obtained from homocysteine through the action of CβS and CGL. In this study, ortholog sequences to CβS and CGL were found in all analyzed species, except CGL in T. vivax (Supplementary File 3). Analysis of the number of genes coding for CβS and CGL that were observed among the studied species is shown in Figure 1 . While five CβS genes were found in the A. deanei genome and in the non-Esmeraldo haplotype of T. cruzi, an extra copy was identified in the T. cruzi Esmeraldo haplotype. Four genes were found in T. cruzi marinkellei, three genes were found in T. rangeli, and two genes were found in T. grayi and S. culicis. Among CβS sequences, a number of partial sequences missing either the N-terminal part or the C-terminal part were not included in the phylogenetic analyses (Supplementary File 3) . Multiple copies for CGL were only observed in A. deanei and S. culicis. Phylogenetic analysis using CβS sequences did not allow a separation with high bootstrap value of trypanosomatid-related groups, such as the Trypanosoma genus (Fig. 2) .
Cysteine can be synthesized de novo from serine in plants, bacteria, and some protozoa like Entamoeba histolytica and Entamoeba dispar, including trypanosomatids. 17 This process depends on the action of SAT and CS. Among the trypanosomatids, T. cruzi and T. grayi maintained an intact de novo pathway, forming a distinct clade with high bootstrap value in the phylogenetic analysis based on CS (Fig. 2) . Another clade was represented by all Leishmania spp., E. monterogeii, and the monoxenous parasites C. fasciculata and L. seymouri. However, sequences coding for both enzymes (SAT and CS) are missing in Phytomonas spp., T. brucei, T. evansi, and T. vivax and present in T. rangeli as pseudogenes ( Fig. 1) . Except for the monoxenous A. deanei and S. culicis that contains many copies of CS and SAT in their genomes, a single CS copy was detected in most of the studied kinetoplastids.
T. brucei is considered auxotrophic for cysteine, taking up exogenous cysteine via specific transporters. 56 Such transporters represent one of the largest families of permeases in the kinetoplastid genomes. 57 While cysteine transport is found in L. major and T. cruzi, transporters of cysteine in T. brucei are ∼200-fold more efficient. 58, 59 For parasites that are deficient in de novo cysteine synthesis, like T. vivax, T. evansi, and T. rangeli, the efficiency of their cysteine transporters is probably related to the availability of this specific amino acid. Considering that T. brucei, T. vivax, and T. evansi are extracellular parasites of mammals and the lifestyle of T. rangeli within these hosts is unknown, the deficiency in de novo cysteine figure 1. Heat map generated by the analysis of the gene copy numbers of antioxidant enzymes in kinetoplastids. X represents pseudogenes. synthesis and/or cysteine transport could explain the reduced levels of total thiols observed in T. rangeli (eight times lower) when compared with T. cruzi. 60 GSH synthesis is also a two-step process catalyzed by γGcS and GS. The search sequences coding for γGcS and GS on the available genome datasets revealed that these enzymes are conserved (identities of 50%-97%) and present as single copy genes in all studied species, representing the most conserved pathway of the antioxidant metabolism of kinetoplastids. Phylogenetic analyses using γGcS and GS revealed a similar resolution, but rooting the trees on the B. saltans sequences formed the following two distinct groups: one including all trypanosomes and the second including all Leishmania species and other trypanosomatids (Fig. 2) . Except for the endosymbiont-harboring species (S. culicis and A. deanei) and Phytomonas spp., all species were clearly separated at the species level.
Polyamine synthesis and uptake. The biosynthesis of trypanothione depends on GSH synthesis as well as spermidine levels, a polyamine synthesized from putrescine via SpdS. 61, 62 SpdS is a single copy gene, well-conserved enzyme for most of the analyzed kinetoplastids ( Fig. 1 and Supplementary File 4). Interestingly, two copies of the SpdS gene were found in each of the T. cruzi haplotypes (Esmeraldo and non-Esmeraldo) and T. cruzi marinkellei and three copies of the SpdS gene were found in S. culicis. Phylogenetic analysis of the SpdS clustered all American trypanosomes, including T. cruzi and T. rangeli, in a single branch, indicating a duplication of this gene in the T. cruzi genome. Although T. brucei, T. evansi, and T. vivax have been clustered together on a separate branch, the African T. grayi was not clearly positioned ( Fig. 3) .
Some kinetoplastids, such as Leishmania sp., can either synthesize polyamines de novo or use uptake from the figure 2. molecular phylogenetic analyses of amino acid sequences from kinetoplastid enzymes related to cysteine and glutathione biosynthesis pathways. Protein alignments were performed using clustal omega, and the evolutionary histories were inferred by using the maximum likelihood method of the mEGa software (version 6.0). Phylogenies of cs, cβs, Gs, and γ Gcs were constructed using the lG + G amino acid substitution model. trees are drawn to scale, with branch lengths measured in the number of substitutions per site. the analysis involved 36 amino acid sequences to cβs (435 sites), 17 to cs (340 sites), 19 to Gs (727 sites) and γ Gcs (733 sites). Bootstrap values .80 are shown next to the branches, corresponding to the percentage of trees in which the associated taxa clustered together (1000 replicates). annotated sequences from kinetoplastids were retrieved from tritrypDB or Genbank and the access numbers are shown. *Identical sequence identified; � T. cruzi (Esmeraldo and non-Esmeraldo);
environment, 63 but others, such as T. brucei and T. cruzi, completely rely on polyamine biosynthesis 64 and on the uptake of putrescine from the host, 65 respectively. Putrescine synthesis de novo is related to the presence of the enzyme ODC, which is absent in S. culicis, T. cruzi, T. rangeli, and T. grayi (Fig. 1) . Phylogenetic analyses of ODC (Fig. 3) clustered all Trypanosoma spp. and Leishmania spp. in separate branches, so that C. fasciculata and L. seymouri formed a clearly distinct clade with high bootstrap. Phytomonas spp., A. deanei, and E. monterogeii were not clustered with other trypanosomatids, although the latter was clearly closer to the Leishmania spp. and Phytomonas spp./A. deanei branches.
The low identity of the Odc gene between trypanosomes and the other kinetoplastids (∼35%) reinforces the hypothesis of the loss of this gene in the Trypanosoma lineage and a downstream acquisition of an ortholog gene from a vertebrate host as suggested by Steglich and Schaeffer. 66 However, such an event may not be attributed to all African trypanosomes, since T. grayi does not have an Odc gene. The absence of ODC in this crocodilian trypanosome could be due to the horizontal gene transfer occurring from a mammalian source.
The absence of ODC in S. culicis was explored by Alves et al. 67 In this monoxenous parasitic organism, endosymbiont-coded enzymes promote the interconversion of agmatine into putrescine. Agmatine is synthesized by arginine decarboxylase, which is exclusively present in the genomes of S. culicis and A. deanei endosymbionts but absent in all other studied trypanosomatids. 67 POTs are present on the cell membranes of L. major and T. cruzi, 63, 65 and orthologs of these sequences were identified in all studied trypanosomatid species, except for T. brucei, T. evansi, and Phytomonas spp. (Fig. 1) . Interestingly, all ODCnegative trypanosomes harbor a POT1 gene that is highly similar to the T. cruzi POT1 (TcPOT1). Also, T. vivax is the single trypanosome with both ODC and POT1 genes, and the ODC-negative S. culicis has two copies of the POT1 gene. Two major clades composed of Trypanosoma sp. and Leishmania sp./ C. fasciculata/L. seymouri were generated in the phylogenetic analysis, in accordance with the ODC-based analysis discussed figure 3. molecular phylogenetic analyses of amino acid sequences from kinetoplastid enzymes related to spermidine synthesis. Protein alignments were made with clustal omega, and the evolutionary histories were inferred by using the maximum likelihood method using mEGa version 6.0. Phylogenies of oDc and Pot1 were constructed using the Jtt + G amino acid substitution model, and WaG + G was used to spds. trees are drawn to scale, with branch lengths measured in the number of substitutions per site. the analysis involved 13 amino acid sequences to oDc (864 sites), 17 to Pot1 (857 sites), and 24 to spds (319 sites). Bootstrap percentages above 80% are shown next to the branches, corresponding to the percentage of trees in which the associated taxa clustered together (1000 replicates). Kinetoplastid-annotated sequences were retrieved from tritrypDB or Genbank and the access numbers are included. � T. cruzi (Esmeraldo and non-Esmeraldo); � T. cruzi marinkellei; � T. grayi; � T. rangeli; �, T. brucei; � T. evansi; � T. vivax; � L. infantum; earlier (Fig. 3) . It is noteworthy to mention that other sequences annotated as POTs in the T. brucei genome showed only 33% identity with TcPOT1 and, thus, were not included in this analysis as their function is likely to be different.
trypanothione synthesis and reduction. The conjugation of GSH with other molecules is common in eukaryotes, 68 but the combination of GSH and polyamine occurs only in Enterobacteria and Euglenozoa. The conjugation of GSHspermidine is Adenosine triphosphate (ATP) dependent and can be solely catalyzed by TryS or by the subsequent action of GspS and TryS, both exhibiting synthetase and amidase activities. 69, 70 The following two distinct domains are present in these proteins and are related to opposite activities: the amidase N-terminal domain with a cysteine, histidine-dependent amidohydrolase/peptidase (CHAP) (pfam05257) and the synthetase C-terminal domain similar to circularly permuted ATP-grasp type 2 (pfam03738).
With the exception of A. deanei and S. culicis, TryS was found in all trypanosomatids as a single copy gene (Fig. 1) . On the other hand, the GspS genes are missing in a number of species, including T. rangeli, T. evansi, T. vivax, T. brucei, and Phytomonas spp. GspS pseudogenes were found in three out of four analyzed Leishmania species and as a full-length gene in L. infantum. Although the characteristic domains have been found in both genes, reflecting the high similarity among the sequences, the trypanosomes were firmly clustered in a separate branch, clearly distinct from other trypanosomatids (Fig. 4A) .
The presence of TryS in all trypanosomatids and the lack of GspS in some species were previously pointed out by Manta et al. 56 , who proposed an initial gene transfer event from the endosymbiont, followed by gene duplication, generating GspS and TryS. During the evolutionary history of these organisms, some species have lost the GspS gene and maintained the TryS gene.
The search of the genome databases revealed two other groups of sequences that are annotated as TryS, putative or TryS-like, putative. Due to the exclusive presence of the amidase (CHAP) domain in the predicted sequences, we have named them CHAP1 and CHAP2 in this study (Fig. 4B) . The CHAP domain is present at the N-terminal region in all the analyzed sequences, including TryS, GspS, CHAP1, and CHAP2. The differences between CHAP1 and CHAP2 are the total protein size (CHAP1 has ∼250 aa and CHAP2 ∼650 aa) and figure 4. analyses of enzymes evolved in trypanothione biosynthesis. (A) molecular phylogenetic analyses of two enzymes directly evolved in trypanothione biosynthesis: trypanothione synthetase (trys) and glutamylspermidine synthase (Gsps). Protein alignments were made with clustal omega, and the evolutionary histories were inferred by using the maximum likelihood method using mEGa version 6.0. Phylogenies of trys and Gsps were constructed using the lG + G and Jtt + G amino acid substitution models, respectively. trees are drawn to scale, with branch lengths measured in the number of substitutions per site. the analysis involved 22 amino acid sequences to trys (780 sites) and 13 to Gsps (997 sites). Bootstrap percentages above 80% are shown next to the branches, corresponding to the percentage of trees in which the associated taxa clustered together (1000 replicates). Kinetoplastid-annotated sequences were retrieved from TriTrypDB or Genbank, and the access numbers are included. *Identical sequence identified; �, T. cruzi (Esmeraldo and non-Esmeraldo); the exclusive prediction to mitochondrial localization in some CHAP1 sequences (Supplementary File 5) . Another interesting difference is the presence of CHAP1 genes in all the analyzed species (except Phytomonas spp.), in contrast to the lack of CHAP2 in T. brucei, T. evansi, T. brucei, L. braziliensis, and Phytomonas spp. Like the unclear role of the amidase activity in GspS/TryS of trypanosomatids, the possible function of CHAP1/CHAP2 in trypanothione metabolism still remains to be investigated.
After synthesis, the trypanothione is maintained in a reduced state (T(SH) 2 ) by an NADPH-dependent flavoenzyme TR. The presence of this enzyme is common to all trypanosomatids (Supplementary File 6) , being present as a single copy gene despite the central role in the redox metabolism. 29 TR exhibits the following two characteristic domains: Pyr Redox (pyridine nucleotide-disulfide oxidoreductases) related to oxidoreductase action and Pyr Redox dimerization that allows the typical dimeric structure. Although all studied species contain at least one sequence containing both domains, some species, such as T. cruzi Esmeraldo haplotype, A. deanei, and S. culicis, have a second TR gene copy that contains only one of the domains, possibly coding for a nonfunctional enzyme.
Peroxidases. The following five distinct peroxidases have been described in T. cruzi: two peroxiredoxins cytosolic and mitochondrial TrPxs (TrPxcit and TrPxmit); two nonselenium-dependent GPxs (cytosolic, GPxI; endoplasmic reticulum (ER), GPxII), and one ascorbate-dependent hemoperoxidase. 22, 23, 26, 28 The peroxidases are also present in other kinetoplastids where they show differences in cellular localization and substrate affinity. 19 Tryparedoxin peroxidases. TrPx are considered to be the most important enzymes in peroxide detoxification. 71 Unlike the GSH-dependent peroxiredoxins of mammals, TrPx is trypanothione dependent. Like H 2 O 2 , TrPx utilizes the tryparedoxin (TPX) (a thioredoxin homolog) as an electron donor in the reduction of substrates, short-chain hydroperoxites, 26 and peroxinitrite. 25 Phylogenetic analyses using amino acid sequences from distinct kinetoplastid species clearly separated two major groups containing sequences with predicted mitochondrial and cytosolic localization (TrPxmit or TrPxcit) (Fig. 5A ). All sequences within the mitochondrial clade were approximately figure 5. molecular phylogenetic analyses of kinetoplastid peroxidases: (A) tryparedoxin peroxidase (TrPx); (b) glutathione peroxidase (GPx); and (C) ascorbate peroxidase (aPx). Protein alignments were made with clustal omega, and the evolutionary histories were inferred by using the maximum likelihood method using mEGa version 6.0. Phylogenies of GPx and aPx were constructed using the WaG + G amino acid substitution model, and lG + G was used to trPx. trees are drawn to scale, with branch lengths measured in the number of substitutions per site. the analysis involved 71 amino acid sequences to GPx (384 sites), 64 to trPx (337 sites), and 17 to aPx (370 sites). Bootstrap percentages above 80% are shown next to the branches, corresponding to the percentage of trees in which the associated taxa clustered together (1000 replicates). Kinetoplastid-annotated sequences were retrieved from TriTrypDB or Genbank, and the access numbers are included. *Identical sequence identified; � T. cruzi (Esmeraldo and non-Esmeraldo); 30 amino acids longer in the N-terminal portion than the sequences in the cytosolic clade. These regions probably correspond to the mitochondrial-addressing signal, despite the fact that no in silico prediction tool could identify a recognizable signal peptide (Supplementary File 7) .
The occurrence of cytosolic and mitochondrial TrPxs reinforces the needs for cell protection against exogenous and endogenous toxic peroxides. L. seymouri and T. cruzi marinkellei do not have the cytosolic isoform. All other analyzed kinetoplastids had both isoforms, having multicopy genes encoding for the cytosolic enzyme. On the other hand, TrPxmit is a single copy gene for most of the studied organisms except for T. rangeli, A. deanei, and S. culicis (Fig. 1) .
Sequences from the cytosolic clade showed high similarity levels (.62.12%), and no phylogenetic grouping could be seen. A separation in two major clades as reported for many other genes (see above) occurred with the mitochondrial sequences (Fig. 5A) .
All TrPx sequences have peroxidatic and resolving cysteines (Cp and Cr) in the conserved domain PRX_Typ2cys (cd0301). The Cp was observed in all kinetoplastids, except for one sequence from A. deanei (EPY41265), which, from alignment with the other species, appears to be truncated. The Cr was found in all sequences, and in the cytosolic group, it was contained inside the VCP domain. In the mitochondrial sequences, the Cr was in the VIPC domain, which is characteristic of the mitochondrial TrPx. Both cysteine residues are present in all analyzed TrPxpredicted proteins in the peroxiredoxin 2-Cys family. 19, 72 GSH peroxidase. The majority of eukaryotes use GSHdependent peroxidases as key enzymes in peroxide metabolism. Before the characterization of this enzyme in C. fasciculata 73 they were considered to be absent in trypanosomatids. Upon description in T. cruzi, T. brucei, and Leishmania sp., 26, 74, 75 the peroxidases were renamed as nonselenium GPX-like enzymes, 19 GPX like, 72 GPX type TrPx, 76 tryparedoxindependent peroxidase (TDPx), 77 or just GPx. 78 Distinct isoforms of the GPx enzymes, including isoform A (or I), which can be subdivided into AI, AII, and AIII, and isoform B (or II), have been described. However, the use of these classifications is still not well established, since some authors apply the classification based on sequence similarity and others in accordance with the subcellular localization. 22, 23 Phylogenetic analyses of GPx showed a separation of the sequences into two distinct branches according to the isoforms A (GPxA) and B (GPxB) (Fig. 5B) . Even though isoform A sequences have been found in all trypanosomatids, the subgroups AI, AII, and AIII were not identified in our analyses. With the exception of Phytomonas spp. and T. vivax, isoform B was found in all species (Fig. 1) .
Variation in GPx was investigated further by closer examination of gene copy numbers and the genomic organization. One to three genes were identified per species for isoform A (Supplementary File 7) , organized in tandem. Leishmania in general have this pattern, with the unique exception of L. tarentolae (LtaP26.1520), which has only one short and nonsyntenic sequence. Interestingly, the lizard parasite L. tarentolae, which belongs to the Sauroleishmania subgenera, is nonpathogenic to humans and does not multiply intracellularly. The isoform A sequences did not separate into three specific subgroups, and the branch separations were not always at the species level. Ortholog sequences in more related species (T. brucei and T. evansi/T. cruzi and T. cruzi marinkellei) grouped closer than paralogous sequences.
GPx classification in T. cruzi is based on different cellular localizations, affinity to the reductor agent, and the metabolized target. TcGPxA is a cytosolic enzyme that has TPX as the reductor agent and metabolizes hydroperoxides. TcGPxA shows high similarity to the PHGPX group, which includes plant and mammalian GPx. 19, 73 TcGPxB is located in the ER, uses GSH, and is involved in the protection against lipid peroxidation.
According to Castro and Tomas, 19 the GPxA subdivision (I, II, and III) must be based on the reducing agent and the substrate affinity. Some isoforms can bind to TPX, while others bind to GSH, and some use H 2 O 2 and some lipid hydroxiperoxids as reductors. No indications of these specificities were found at the amino acid sequence level.
Alphey et al. 77 described the L. major isoform AI (TDPX1) as a cytosolic protein and the isoforms AII and AIII (TDPX2 and TDPX3) as mitochondrial proteins due to the presence of N-terminal signal peptides. The TDPX3 also has a glycosomal signal in the C-terminal region. 75 Most of the GPxB sequences were predicted to be cytosolic. The GPxA sequences include cytosolic and mitochondrial predictions. Based on this criterion, we can define the following two distinct groups of trypanosomatid GPxA: GPxAI with predicted cytosolic sequences and GPxAII with prediction or signal peptides for mitochondria or ER (Supplementary File 7) .
We also identified a set of divergent sequences (here named GPxC), which include one sequence each from E. monterogeii, L. braziliensis, L. seymouri, C. fasciculata, and Phytomonas spp. All GPx sequences showed the complete GSH peroxidase domain (pfam00255) with all conserved catalytic residues (C, Q , and W). The divergent sequences are different in size, and there are sequence differences in the N-and C-termini and in the conserved central region (Supplementary File 2) .
Ascorbate peroxidase. A third type of peroxidase is related to ascorbate-dependent hemoperoxidases found in plants. T. cruzi APx decomposes only H 2 O 2 and uses ascorbate as a source of reducing equivalents. Dehydroascorbate is reduced by trypanothione. 79 The discovery and characterization of this enzyme in T. cruzi 28 and Leishmania sp. 80 (intracellular parasites) and the absence of the protein in the extracellular parasite T. brucei suggested that this kind of antioxidant detoxification could be related to an intracellular lifestyle. 81 We did, however, identify APx coding sequences in other trypanosomatids that are not intracellular parasites, including the free-living kinetoplastid B. saltans, monoxenous trypanosomatids, and in the extracellular parasite of crocodiles, T. grayi (Fig. 5C ). APx orthologs were only absent in Evolutionary Bioinformatics 2016:12
Phytomonas spp., T. brucei, and the related species T. evansi and T. vivax, and only a pseudogene was found in T. rangeli (Fig. 1) . B. saltans APx sequence has 46% identity to Picea glauca (seed plant) APx and ∼50% identity to the green algae and Oomycetes peroxidases. All these findings suggest that the presence of APx is probably not an acquisition to adapt parasites to an intracellular environment, but instead, a gene acquired early in the kinetoplastid evolution, reinforcing the hypothesis of a common origin of the hemoperoxidases of trypanosomatids and plants. 28, 81, 82 The presence of plant-like genes had been reported in kinetoplastids, suggesting that plastids were initially acquired by endosymbiosis and, after losing these organelles, have retained some of its genes. The presence of this enzyme in all the analyzed species is not surprising, since it is present in all aerobic organisms. 21 SOD exhibits a high degree of sequence and structure conservation, 84 suggesting a common ancestor. 85 All kinetoplastid SODs identified thus far have Fe affinity and are therefore named iron SODs (FeSODs). 84 This group of enzymes is restricted to protozoans, prokaryotes, and chloroplasts. 86 Distinct isoforms are described in kinetoplastids, and again the nomenclature is highly variable. Most of the time, four isoforms named as A, B (1 and 2), and C are reported. The fifth isoform was found in T. brucei (Tb927.6.4030), 84 and orthologs of this isoform were found in all kinetoplastid species analyzed here, except S. culicis (Fig. 1) , which was described here as FeSOD-D. All sequences were included in the iron/ manganese SOD family according to domain analyses. figure 6 . molecular phylogenetic analysis of kinetoplastid fesoDs. Protein alignment was made with clustal omega, and the evolutionary history was inferred by using the maximum likelihood method using mEGa version 6.0. Phylogeny of fesoD was constructed using the lG + G amino acid substitution model. tree is drawn to scale, with branch lengths measured in the number of substitutions per site. the analysis involved 105 amino acid sequences (402 sites). Bootstrap percentages above 80% are shown next to the branches, corresponding to the percentage of trees in which the associated taxa clustered together (1000 replicates). Kinetoplastid-annotated sequences were retrieved from tritrypDB or Genbank, and the access numbers are included. The following four clades are clearly observed in the phylogenetic analyses: A, B, C, and D (Fig. 6) . In each clade, there was a clear separation of the Trypanosoma species. At least one gene copy from each isoform was identified in the analyzed species, except S. culicis (FeSOD-D) and T. cruzi marinkellei (FeSOD-B) . For FeSOD-B, two copies were present in the majority of the species, probably representing the isoforms B1 and B2. A set of distinct sequences, exclusively from S. culicis and A. deanei, were grouped near the FeSOD-B sequences.
Most of the FeSOD-A (78%), FeSOD-C (61%), and FeSOD-D (75%) sequences were predicted to be mitochondrial (Supplementary File 8) . In T. brucei, the FeSOD-B1 and B2 differentiations were based on the identification of distinct residues in the C-terminal region: LKS (TbSOD-B1) and SDL (TbSOD-B2). 84 The SDL peptide is similar to the SKL signal related to peroxisome location. Thus, TbSOD-B1 is mainly found in the cytoplasm, while TbSOD-B2 is mainly located in glycosomes. We did not identify the peroxisome signal peptide in all FeSOD-B sequences, since the C-terminal region is frequently degenerated. 87 The presence of this class of enzymes in different cell compartments reinforces the importance of the detoxification of superoxide anions produced in different biochemical processes. 87 Based on our results, we suggest that the trypanosomatid FeSOD enzymes should be classified as follows: FeSOD-A, FeSOD-C, and FeSOD-D for predicted mitochondrial proteins, FeSOD-B1 for exclusively cytosolic enzymes, and FeSOD-B2 for sequences that contain signal peptides for targeting peroxisome/glycosome (SQL or SDL).
The evolution of the Ad. Aerobic organisms are exposed to oxidative challenges generated by their metabolism. All kinetoplastid protozoans have to eliminate their endogenous metabolites, and the parasite group also has to defend themselves against the oxidative stress generated by the host immune system. 17 Thus, we expected that the antioxidant machinery components could differ between parasitic trypanosomatids, which are correlated with differences in the oxidative challenges. The identification of all the analyzed gene sequences in the free-living protozoan B. saltans, which is also considered to be an ancestor of parasitic trypanosomatids, suggests that the AD mechanisms are an anterior adaptation of this group of protozoans.
Most of the monoxenous parasites and all the analyzed Leishmania sp. had only a few differences in gene copy numbers compared to B. saltans (Fig. 1) . However, the endosymbiont-bearing A. deanei and S. culicis showed a higher number of gene copies for the majority of the analyzed genes. This characteristic was also observed by Motta et al. 41 , and it is consistent with the high number of CDS predicted in the partial genome sequences of these parasites, 16,957 and 12,157 CDS, respectively. 41 These CDS numbers are smaller than that of B. saltans (18, 936) 5 but higher than that of all other analyzed parasites. In addition, basically in all analyses, genes from A. deanei and S. culicis did not group with other monoxenic parasites included in the analyses, such as C. fasciculata and L. seymouri. The latter parasites were more closely related to the heteroxenic parasites E. monterogeii and Leishmania sp. Genomic reduction has been observed in a considerable number of parasites, and trypanosomatids appear to have a reduced size of their genomes and the gene density compared to the free-living B. saltans. 3, 5 Among the trypanosomatid species included in our analyses, loss of certain genes involved in AD are mainly observed in Phytomonas spp. and in the Trypanosoma genus, indicating a continued reduction in pathways related to the AD during trypanosomatid diversification. The lack of SAT, CS, POT1, GspS, and APx appears to be related to extracellular parasitic lifestyles, including Phytomonas spp., T. brucei, T. vivax, and T. evansi (Fig. 7) . The exception was T. grayi, which is an extracellular African trypanosome of crocodiles closely related to other parasites of crocodiles in South America. 35 T. grayi is a stercorarian trypanosome (like T. cruzi), transmitted by tsetse flies via oral contamination with infective metacyclics present in the insect feces. Our results thus indicate differences in the antioxidant system between the stercorarian and salivarian trypanosomes. As mentioned earlier, the extracellular Stercoraria section trypanosomes lacked certain genes, and in salivarian parasites, we observed high copy numbers of CBS, the absence of ODC, and the presence of POT1. Interestingly, T. rangeli, whose life cycle in the mammalian host is unknown and is mainly transmitted by triatomine bites, lacks certain enzymes (SAT, CS, GspS, and APx) like Salivaria parasites and others (ODC) like Stercoraria parasites. Interestingly, the SAT, CS, and APx genes related to the AD are found as pseudogenes in T. rangeli, reinforcing the undefined taxonomic position between Salivaria and Stercoraria of this taxon. 88 These genes have premature stop codons before the specific domains, and CS has been experimentally demonstrated to be inactive in T. rangeli. 60 A large amount of pseudogenes was described in the T. rangeli genome, including genes that compose the RNA interference machinery. 31 As well observed to some antioxidant-related genes, RNA interference machinery genes are observed in Salivaria parasites, pseudogenes are found in T. rangeli, and these same genes are absent in T. cruzi. 89 All studied enzymes identified in T. rangeli showed higher similarity with T. cruzi orthologs than T. grayi. However, when we compared the antioxidant system overall, including the presence or absence of enzymes, T. cruzi is more closely related to the African T. grayi than the South American T. rangeli. This situation reinforces that the presence of specific pathways in each parasite was not a direct result of geographical isolation but is based on differences in the parasitic lifecycle, mainly within their invertebrate hosts. The presence of parasite forms in other insect tissues/organs (hemolymph, salivary glands, or proboscides) than in the alimentary tract seems to be a common feature among the trypanosomatid species that lack more genes related to the AD.
conclusion
Most of the studies focusing on the adaptation of trypanosomatids to parasitism were carried out using species pathogenic to humans. However, novel insights concerning such mechanisms have emerged from comparative genomics using B. saltans, pathogenic trypanosomes to wild animals and livestock and other nonpathogenic trypanosomatid species. In this sense, partial or complete loss of genes or even entire metabolic pathways related to catabolism of some amino acids has been described. 3, 5, 44 Specialization on some metabolic pathways such as the glucose metabolism allows clustering trypanosomatids into two distinct clades composed by the African trypanosomes and by Phytomonas spp., suggesting a convergent evolution. Despite the geographical isolation, species from both clades revealed a similar set of absent genes. 3 In this study, we assessed the plasticity of the AD machinery at the genomic level using distinct clades of parasitic trypanosomatids. The "African trypanosomes" and the "Phytomonas spp." clades have basically revealed the loss of the same antioxidant gene repertoire, reinforcing the convergent evolution hypothesis.
In this evolutionary context and aiming to provide further evidence of the convergent evolution, the following two intriguing species were further included in our study: the American and mammalian infective T. rangeli and the African parasite of crocodiles, T. grayi. T. rangeli shares the majority of the lost genes (including some pseugogenes) of the antioxidant machinery with T. brucei, T. evansi, T. vivax, and Phytomonas spp., maintaining the majority of the developmental stages outside the insect gut and being transmitted to its hosts by bite (anterior transmission) of infected vectors. On the other hand, T. grayi revealed an antioxidant machinery similar to the American and mammalian infective T. cruzi. Both T. grayi and T. cruzi develop within their invertebrate host gut (posterior station) and are transmitted to their vertebrate hosts via contaminative method.
The inclusion of T. rangeli and T. grayi in our analyses indicates the contradictory use of the term African trypanosomes, present in most of the studies on trypanosomatid evolution, leading to the misinterpretation that evolution of these species is due geographical isolation. Considering that our results indicate that adaptative evolution of the AD mechanisms in trypanosomatids is related to their biology within the vectors, we propose the use of proper taxonomic nomenclature (genomic and phenotypic) instead of clade denominations.
In conclusion, evolution of the AD system in trypanosomatids includes recent evolutionary events mostly related to adaptations of each species to distinct environments within their insect vectors instead to geographic isolation. Although a genomic core related to AD is preserved from the most ancestral organisms to the trypanosomatids, the loss, acquisition, and/or duplication of genes seem to be specifically related to adaptative mechanisms to the parasite life cycle within their invertebrate hosts, influencing their ability to survive, multiply, and/or generate infective forms.
